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(54) Improved ophthalmic surgical laser 

(57) A pulsed laser apparatus for providing control- 
led ablation of organic material in an object at a selected 
ablation point of interaction by means of generated laser 
pulses. The apparatus includes a laser for emitting a 
beam of pulses having a duration in the range of about 
0.01 picoseconds to about 2 picoseconds. The appara- 



tus comprises applanting device in contact with the ob- 
ject providing a positional frame of reference for the la- 
ser beam thereby determining an ablation point of inter- 
action within the object. 
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Description 

BACKGROUND OF THE INVENTION 

1. Field of the Invention s 

[0001] This invention relates to methods of, and ap- 
paratus for, eye surgery, and more particularly to a laser- 
based method and apparatus for corneal and intraocular 
surgery. w 

2. Related Art 

[0002] The concept of correcting refractive errors by 
changing the curvature of the eye was initially imple- is 
mented by mechanical methods. These mechanical 
procedures involve removal of a thin layer of tissue from 
the cornea by a microkeratome, freezing the tissue at 
the temperature of liquid nitrogen, and re-shaping the 
tissue in a specially designed lathe. The thin layer of 20 
tissue is then re-attached to the eye by suture. The 
drawback of these methods is the lack of reproducibility 
and hence a poor predictability of surgical results. 
[0003] With the advent of lasers, various methods for 
the correction of refractive errors and for general eye 25 
surgery have been attempted, making use of the coher- 
ent radiation properties of lasers and the precision of the 
laser-tissue interaction. A C0 2 laser was one of the first 
to be applied in this field. Peyman, et al., in Ophthalmic 
Surgery, vol. 11, pp. 325-9, 1980, reported laser burns 30 
of various intensity, location, and pattern were produced 
on rabbit corneas. Recently, Horn, et al., in the Journal 
of Cataract Refractive Surgery, vol. 1 6, pp. 61 1 -6, 1 990, 
reported that a curvature change in rabbit corneas had 
been achieved with a Co:MgF 2 laser by applying spe- 35 
cific treatment patterns and laser parameters. The abil- 
ity to produce burns on the cornea by either a C0 2 laser 
or a Co:MgF 2 laser relies on the absorption in the tissue 
of the thermal energy emitted by the laser. Histologic 
studies of the tissue adjacent to burn sites caused by a *o 
C0 2 laser reveal extensive damage characterized by a 
denaturalized zone of 5-10 jim deep and disorganized 
tissue region extending over 50 jim deep. Such lasers 
are thus ill-suited to eye surgery. 

[0004] In U.S. Patent No. 4,784,135, Blum et al. dis- 45 
closes the use of far-ultraviolet excimer laser radiation 
of wavelengths less than 200 nm to selectively remove 
biological materials. The removal process is claimed to 
be by photoetching without using heat as the etching 
mechanism. Medical and dental applications for the re- so 
moval of damaged or unhealthy tissue from bone, re- 
moval of skin lesions, and the treatment of decayed 
teeth are cited. No specific use for eye surgery is sug- 
gested, and the indicated etch depth of 150 urn is too 
great for most eye surgery purposes. 55 
[0005] In U.S. Patent No. 4,718,418, L'Esperance, Jr. 
discloses the use of a scanning ultraviolet laser to 
achieve controlled ablative photodecomposition of one 
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or more selected regions of a cornea. According to the 
disclosure, the laser beam from an excimer laser is re- 
duced in its cross-sectional area, through a combination 
of optical elements, to a 0.5 mm by 0.5 mm rounded- 
square beam spot that is scanned over a target by de- 
flectable mirrors. To ablate a corneal tissue surface with 
such an arrangement, each laser pulse would etch out 
a square patch of tissue. An etch depth of 14 jim per 
pulse is taught for the illustrated embodiment. This etch 
depth would be expected to result in an unacceptable 
level of eye damage. 

[0006] Another technique for tissue ablation of the 
cornea is disclosed in U.S. Patent No. 4,907,586 to Bille 
et al. By focusing a laser beam into a small volume of 
about 25-30 urn in diameter, the peak beam intensity at 
the laser focal point could reach about 10 12 watts per 
cm 2 . At such a peak power level, tissue molecules are 
"pulled" apart under the strong electric field of the laser 
light, which causes dielectric breakdown of the material. 
The conditions of dielectric breakdown and its applica- 
tions in ophthalmic surgery had been described in the 
book "YAG Laser Ophthalmic Microsurgery" by Trokel. 
Transmissive wavelengths near 1 .06 urn and a frequen- 
cy-doubled laser wavelength near 530 nm are typically 
used for the described method. Near the threshold of 
the dielectric breakdown, the laser beam energy ab- 
sorption characteristics of the tissue changes from high- 
ly transparent to strongly absorbent. The reaction is very 
violent, and the effects are widely variable. The amount 
of tissue removed is a highly non-linear function of the 
incident beam power. Hence, the tissue removal rate is 
difficult to control. Additionally, accidental exposure of 
the endothelium by the laser beam is a constant con- 
cern. This method is not optimal for cornea surface or 
intraocular ablation. 

[0007] An important issue that is largely overlooked 
in all the above-cited references is the fact that the eye 
is a living organism. Like most other organisms, eye tis- 
sue reacts to trauma, whether it is inflicted by a knife or 
a laser beam. Clinical results have shown that a certain 
degree of haziness develops in most eyes after laser 
refractive surgery with the systems taught in the prior 
art. The principal cause of such haziness is believed to 
be roughness resulting from cavities, grooves, and ridg- 
es formed while laser etching. Additionally, clinical stud- 
ies have indicated that the extent of the haze also de- 
pends in part on the depth of the tissue damage, which 
is characterized by an outer denatured layer around 
which is a more extended region of disorganized tissue 
fibers. Another drawback due to a rough corneal surface 
is related to the healing process after the surgery: clin- 
ical studies have confirmed that the degree of haze de- 
veloped in the cornea correlates with the roughness at 
the stromal surface. 

[0008] The prior art also fails to recognize the benefits 
of ablating eye tissue with a laser beam having a low 
energy density. A gentle laser beam, one that is capable 
of operating at a lower energy density for a surgical pro- 
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cedure, will clearly have the advantage of inflicting less 
trauma to the underlying tissue. The importance of this 
point can be illustrated by considering the dynamics of 
the ablation process on a microscopic scale: the abla- 
tion process is basically an explosive event. During ab- 
lation, organic materials are broken into their smaller 
sub-units, which cumulate a large amount of kinetic en- 
ergy and are ejected away from the laser interaction 
point at a supersonic velocity. The tissue around the ab- 
lated region absorbs the recoil forces from such ejec- 
tions. The tissue is further damaged by acoustic shock 
from the expansion of the superheated plasma gener- 
ated at the laser interaction point. Accordingly, a shal- 
lower etch depth or smaller etch volumes involves less 
ejected mass and acoustic shock, and hence reduces 
trauma to the eye. 

[0009] It is therefore desirable to have a method and 
apparatus for performing eye surgery that overcomes 
the limitations of the prior art. In particular, it is desirable 
to provide an improved method of eye su rgery which has 
accurate control of tissue removal, flexibility of ablating 
tissue at any desired location with predetermined abla- 
tion depth or volume, an optically smooth finished sur- 
face after the surgery, and a gentle surgical beam for 
laser ablation action. 

[001 0] The present invention provides such a method 
and apparatus. 

SUMMARY OF THE INVENTION 

[001 1] The present invention recognizes that an opti- 
cally smooth corneal surface and a clear intraocular light 
path (including post-operative clarity) are all critical to 
successful ophthalmic surgery. The effects of eye sur- 
gery on all of the intraocular elements encountered by 
light traversing the optical path from the cornea to the 
retina must be considered. The invention was devel- 
oped with a particular view to preserving these charac- 
teristics. 

[001 2] The preferred method of performing a surface 
ablation of cornea tissue or other organic materials uses 
a laser source which has the characteristics of providing 
a shallow ablation depth or region (about 0.2 u.m to 
about 5.0 urn), a low ablation energy density threshold 
(about 0.2 to 5 |iJ/(10^im) 2 ) and extremely short laser 
pulses (having a duration of about 0.01 picoseconds to 
about 2 picoseconds per pulse) to achieve precise con- 
trol of tissue removal. The laser beam cross-sectional 
area is preferably about 10 jim in diameter. 
[0013] The preferred laser system includes a broad 
gain bandwidth laser, suchasTi 3 AI 2 0 3 , Cr:LiSrAIF 6 , Nd: 
YLF, or similar lasers, with a preferred wavelength of 
about 400 nm to about 1900 nm, which is generally 
transmissive in eye tissue. 

[0014] Each laser pulse is directed to its intended lo- 
cation in or on the eye through a laser beam control 
means, such as the type described in a co-pending, 
commonly-owned patent application for an invention en- 



titled "Method of, and Apparatus for, Surgery of the Cor- 
nea" (U.S. Patent Application Serial No. 07/788,424). 
[001 5] Various surgical procedures can be performed 
to correct refractive errors or to treat eye diseases. The 
5 surgical beam can be directed to remove cornea tissue 
in a predetermined amount and at a predetermined lo- 
cation such that the cumulative effect is to remove de- 
fective or non-defective tissue, or to change the curva- 
ture of the cornea to achieve improved visual acuity. Ex- 
10 cisions on the cornea can be make in any predetermined 
length and depth, and in straight line or in curved pat- 
terns. Alternatively, circumcisions of tissue can be made 
to remove an extended area, as in a cornea transplant. 
The invention can be used to excise or photoablate re- 
's gions within the cornea, capsule, lens, vitreoretinal 
membrane, and other structures within the eye. 
[0016] The present invention provides an improved 
method of eye surgery which has accurate control of tis- 
sue removal, flexibility of ablating tissue at any desired 
20 location with predetermined ablation depth, an optically 
smooth finished surface after the surgery, and a gentle 
surgical beam for laser ablation action. 
[0017] The details of the preferred embodiments of 
the present invention are set forth in the accompanying 
25 drawings and the description below. Once the details of 
the invention are known, numerous additional innova- 
tions and changes will become obvious to one skilled in 
the art. 

30 BRIEF DESCRIPTION OF THE DRAWINGS 
[0018] 

FIGURE 1 A is a diagram showing the power density 
35 of a square laser pulse versus time for a 5 ns pulse. 

FIGURE 1 B is a diagram showing the power den- 
sity of a square laser pulse versus time for a 2.5 ns 
pulse. 

40 

FIGURE 1 C is a diagram showing the power density 
of a square laser pulse versus time for a 2 ps pulse. 

FIGURE 2 is a diagram showing the excited state 
^5 electron density of eye tissue at a laser beam inter- 
action point. 

FIGURE 3 is a diagram showing eye tissue ablation 
energy threshold versus pulse width. 

50 

FIGURE 4 is a diagram showing the relative diam- 
eters of tissue regions removed by laser pulses at 
the ablation threshold for pulses of approximately 1 
ns, 10 ps, and 1 ps duration. 

55 

FIGURE 5 is a diagram showing the interaction 
point of a laser beam. 
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FIGURE 6 is a block diagram of the preferred em- 
bodiment of the inventive apparatus. 

FIGURE 7 is a cross-sectional side view of a cornea 
showing some of the resulting incisions which can 
be formed in a stroma by the present invention. 

FIGURE 8A is a top view of a cornea, showing the 
use of the present invention to make radial exci- 
sions on the cornea. 

FIGURE 88 is a top view of a cornea, showing the 
use of the present invention to make transverse-cut 
excisions on the cornea. 

FIGURE 9A and 9B are cross-sectional side views 
of a cornea, showing the use of the present inven- 
* tion to remove tissue to a desired depth d over an 
area on the cornea, and an alternative method for 
performing a cornea transplant. 

FIGURE 10 is a cross-sectional side view of a cor- 
nea, showing the use of the present invention to cor- 
rect myopia. 

FIGURE 11 is a cross-sectional side view of a cor- 
nea, showing the use of the present invention to cor- 
rect hyperopia. 

FIGURE 12 is a cross-sectional side view of a cor- 
nea, showing the use of the present invention to cor- 
rect myopia using an alternative method. 

FIGURE 13A is across-sectional side view of a cor- 
nea, showing the use of the present.invention to cor- 
rect hyperopia using an alternative method. 

FIGURE 1 3B is a top view of the cornea of FIGURE 
1 3A, showing the use of the perimeter radial cuts to 
help correct hyperopia. 

FIGURE 1 4A is a cross-sectional side view of a con- 
vex applanator plate applied to an eye. 

FIGURE 1 4B is a cross-sectional side view of a con- 
cave applanator plate applied to an eye. 

[0019] Like reference numbers and designations in 
the various drawings refer to like elements. 

DETAILED DESCRIPTION OF THE INVENTION 

[0020] Throughout this description, the preferred em- 
bodiment and examples shown should be considered 
as exemplars, rather than limitations on the method and 
apparatus of the present invention. 
[0021] The laser apparatus and method disclosed in 
this invention is for achieving two principal objectives: 



(1) The damage zone around the material ablated 
by the inventive laser system must be substantially 
reduced in comparison to prior art laser systems. 

(2) For each laser pulse deposited in or on the eye, 
5 a definite predetermined depth or volume of tissue 

is to be ablated. The ablated depth per laser pulse 
must be controllable and about 5 urn or less, and 
preferably about 0.5 (am or less. 

10 [0022] To achieve these objectives, the present inven- 
tion uses short duration laser pulses from about 0.01 to 
2 picoseconds to reduce inflicted damage to target tis- 
sues. The preferred laser system includes a Ti 3 AI 2 0 3 , 
Cr:LiSrAIF 6 , Nd:YLF, or similar laser with a preferred 

15 wavelength of about 400 nm to about 1900 nm. The la- 
ser beam cross-sectional area is preferably about 1 0 |im 
in diameter. The importance of these characteristics is 
explained below. 



[0023] A fundamental problem of prior art ophthalmic 
surgical laser systems is that such systems fail to ade- 
quately take into account the interaction of the laser 

25 beam with organic tissue in the ablation process, partic- 
ularly when using relatively transmissive laser wave- 
lengths. Laser ablation occurs when the laser beam in- 
tensity, or energy level, is increased beyond a certain 
threshold level, causing dielectric breakdown. However, 

30 the actual ablation conditions vary depending on the 
characteristics of a wide range of laser parameters and 
the composition of the material to be ablated. When la- 
ser energy is absorbed in an organic material, on the 
most basic level, the electronic configuration of the tar- 

35 get polymer molecules makes a transition to one of its 
excited electronic states. Each polymer is made of hun- 
dreds or more of sub-units of smaller molecules called 
monomers. The monomers are made of even smaller 
units of radicals consisting of combinations of hydrogen, 

40 carbon, oxygen, and nitrogen atoms. Depending on the 
energy level of the laser photons, a polymer can be bro- 
ken into constituent monomers, radicals, or ionized at- 
oms. 

[0024] For a laser having a wavelength near about 
45 830 nm, a single laser photon is not sufficiently energetic 
to break any molecular bond. Breaking such a bond is 
a highly non-linear multi-photon process. After absorb- 
ing an initial photon, a molecule is promoted to an ex- 
cited electronic state configuration, with its electrons in 
50 higher energy orbits. This state will decay, or "relax", if 
additional photons are not absorbed to maintain the ex- 
cited electronic state configuration. 
[0025] As the laser beam intensity increases further 
towards the ablation threshold, additional photons are 
55 absorbed, and the excited electron density reaches a 
critical volume density such that the electronic orbitals 
can pair and transfer the sum of their energy to a single 
electron orbital. This process breaks the molecule into 
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two or more pieces, and releases an energetic electron. 
At this point, the organic medium is damaged but not 
yet ablated. 

[0026] With increased power levels of the laser beam, 
further photons are absorbed, and the excited electron 
density increases correspondingly. At the same time, 
the excited electrons migrate down the polymeric chain 
of the organic material, and spread towards the bulk vol- 
ume with lower excited state density. The present inven- 
tion recognizes that the excited state electronic orbitals 
are the means for energy storage that will eventually fuel 
the ablation process, and the electronic energy state mi- 
gration process plays a key role in the dynamics con- 
trolling the initiation of the laser ablation. 
[0027] Because photoablation requires multiple pho- 
tons interacting with organic tissue molecules, "ignition" 
of ablative action near the threshold condition is deter- 
mined by a statistical process. That is, determination of 
the average etch depth or volume for laser beam ener- 
gies near the ablation energy threshold are derived by 
measuring actual etch depth or volume after hundreds 
or sometimes thousands of laser pulses over the same 
location, and determining an average etch amount per 
pulse. On a single shot basis, however, the etch depth 
or volume could vary significantly, and most of the laser 
pulses may not ablate any material at ail. In general, the 
ablation threshold for a particular wavelength is the total 
integrated energy required for 50% of laser pulses to 
have an effect. 

[0028] Because of the statistical nature of laser pulse 
ablation, it is important to note that a reproducible etch 
depth or volume will not necessarily be attained at re- 
duced levels of laser energy per pulse, especially when 
the energy level is close to being at an arbitrarily small 
value above the ablation energy threshold. Thus, in or- 
der to ensure a reliable etch depth or etch volume for 
each single laser pulse, the operating energy per pulse 
is conventionally set at a multiple of the ablation energy 
threshold level; a factor of 3 to 4 times the ablation en- 
ergy threshold is usually considered sufficient to 
achieve satisfactory results. For an excimer laser, the 
ablation threshold level is at about 50 mJ/cm 2 ; basically 
no ablative action is observed at a laser energy density 
below this threshold level. Accordingly, the typical ener- 
gy density in an excimer surgical laser beam required 
for cornea ablation is about 150-250 mJ/cm 2 . 
[0029] Consider now the geometric distribution of the 
excited state orbitals in an organic material. As the laser 
light is absorbed in the organic material, by Beer's law, 
the front surface where the material is first exposed en- 
counters most of the laser photons, and the beam inten- 
sity decreases exponentially as it traverses deeper into 
the material. Hence, the spatial distribution of the excit- 
ed state density also decreases accordingly, character- 
istic of the absorption coefficient of the material at the 
laser wavelength. It follows that the slope of the distri- 
bution curve of the excited state electron density is di- 
rectly related to the absorption coefficient. Additionally, 



the steeper the slope of the excited state density distri- 
bution curve, the more spatially localized is the excited 
state density. 

[0030] Thus, to maintain a small laser beam interac- 
5 tion point (e.g: f about 1 u,m to about 30 ^m, and prefer- 
ably about 10 urn), the slope of the excited state density 
distribution curve must be steep. To obtain a steep 
slope, the pulse width of the impinging laser beam 
should be kept narrow. 
10 [0031] It is known that if ablation is found to occur at 
a particular laser peak power, narrowing the laser pulse 
increases the ablation threshold. For example, FIGURE 
1 A is a diagram showing the power density of a square 
laser pulse versus time for a 5 ns pulse. If the ablation 
?5 threshold is found to occur at a particular power density 
(arbitrarily considered to have a value of "1 " in FIGURE 
1 ), then a higher ablation threshold is required when the 
pulse is narrowed. That is, the total integrated energy of 
the shorter laser pulse must approach the total integrat- 
ed ed energy of the longer laser pulse. However, it is also 
known that halving the pulse duration does not require 
a doubling of the power density of the pulse. For exam- 
ple, FIGURE 1 B is a diagram showing the powerdensity 
of a square laser pulse versus time for a 2.5 ns pulse. 
25 The ablation threshold is less than twice the ablation 
threshold of a 5 ns pulse. 

[0032] Empirical results obtained from materials dam- 
age indicate that a particular ablation threshold can be 
reached with a pulsed laser beam 100 times shorter in 

30 duration than a longer duration pulse when the total in- 
tegrated energy of the shorter laser pulse is at about 
10% of the total integrated energy of the longer pulse. 
[0033] Conventional teaching requires an increase in 
the ablation threshold energy density as pulse widths 

35 are decreased. However, it has been recognized in the 
present invention that the reason halving the pulse width 
of a laser does not require a doubling of the ablation 
threshold energy density is related to the build-up and 
relaxation of the excited state electron density. FIGURE 

to 2 is a diagram showing the excited state electron density 
of eye tissue at a laser beam interaction point. The dia- 
gram shows that the excited state electron density is re- 
lated to the energy density of the incident laser beam. 
As photons from a laser beam interact with tissue, the 

45 electron state of the molecules undergo "charging" to a 
steady state. The "charging" time t R is related to the 
electron migration rate. The discharge time is also equal 
to t R . The charge/discharge time t R is approximately 0.5 
to 1 picoseconds. 

50 [0034] After the initial photons of a laser pulse charge 
the excited state electron density to a steady state, the 
remaining photons of the pulse have essentially no ef- 
fect on such density. The steady state arises because 
energy migrates away from the beam interaction point. 

55 When using longer duration pulses, the energy migra- 
tion process is counter-balanced by additional laser 
beam pumping to build up the critical excited state elec- 
tron density. However, with a longer laser pulse, the ex- 
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cited state orbitals diffuse from the laser interaction point 
into the depth of the material (along the laser beam di- 
rection). Hence, the excited state distribution curve will 
have less steep a slope compared to the curve from a 
shorter pulse. The present invention recognizes that the 5 
depth of the tissue layer which has sufficient excited 
state orbitals to satisfy the ablation threshold condition 
will be correspondingly deepened. Therefore, the dam- 
age inflicted by a longer duration laser pulse is more ex- 
tensive than the damage inflicted with a shorter duration 10 
pulse. 

[0035] As noted above, for a laser pulse having a low 
energy density, a longer pulse duration is required to 
achieve sufficient photon interactions to charge the ex- 
cited state electron density to a steady state. Converse- ^ 
ly, for a laser pulse having a shorter duration, a higher 
energy density is required. However, because of the 
higher energy density, more photon interactions per unit 
of time occur, thereby more rapidly charging the excited 
state electron density to the steady state. Less energy 20 
migrates away from the laser interaction point. Conse- 
quently, the total integrated energy of a narrower pulse 
need not be as great as the total integrated energy of a 
longer pulse to achieve the ablation threshold. 
[0036] importantly, it has been discovered in the 25 
present invention that the power density for the ablation 
threshold reaches an approximately constant level as 
the laser pulse width decreases and closely approaches 
the charge/discharge time t R . For example, as shown in 
FIGURE 1C, a 2 picosecond pulse may have about the 30 
same ablation threshold as a much shorter pulse. FIG- 
URE 3 is a diagram showing eye tissue ablation energy 
threshold versus pulse width. As the laser pulse width 
reaches about 2 picoseconds, and the energy density 
of the beam is about 1 .0 |iJ/( 1 0^rn) 2 for an 830 nm wave- 35 
length, the number of photons is sufficient to maintain a 
steady state excited state electron density without sig- 
nificant decay. This relationship between pulse duration 
and constant ablation threshold has been found to exist 
from about 2 picoseconds down to at least 0.01 pico- 40 
seconds. 

[0037] Thus, ablation can be achieved at a low abla- 
tion threshold energy using such extremely short dura- 
tion laser pulses. Further, tissue damage from acoustic 
shock and kinetic action from dissociated matter is di- 45 
rectly proportional to energy deposited at the laser in- 
teraction point. If the ablation threshold is achieved at 
less than the total pulse energy, the remaining energy 
in the pulse is completely absorbed by the generated 
plasma, thereby contributing to the explosive effect of 50 
the tissue ablation. Both acoustic shock and kinetic ac- 
tion are decreased by reducing the pulse duration. 
[0038] Another benefit from reducing the pulse dura- 
tion is limitation of damage to tissue surrounding the la- 
ser interaction point due to energy migration. FIGURE 55 
4 is a diagram showing the relative diameters of tissue 
regions removed by laser pulses at the ablation thresh- 
old for pulses of approximately 1 nanosecond, 10 pico- 



seconds, and 0.1 picosecond duration. As can be seen, 
the range of tissue removal and surrounding tissue dam- 
age is substantially less for the shorter pulses (the vol- 
ume of tissue removed is proportional to energy depos- 
ited, which falls off from the center of the interaction 
point proportionally to the radius cubed). 

Transmissive Wavelengths 

[0039] In order to perform intraocular surgical proce- 
dures, the laser beam necessarily must pass through 
overlying tissue to the desired location without damage 
to the overlying tissue. Accordingly, the illustrated em- 
bodiment of the present invention uses an 830 nm wave- 
length for the laser beam, which is generally transmis- 
sive in eye tissue. Such a wavelength can be generated 
in known fashion from a broad gain bandwidth (i.e., AX 
> -1mm) laser, such asaTi 3 AI 2 0 3 , Cr:LiSrAIF 6 , Nd:YLF, 
or similar laser. One such laser is described in co-pend- 
ing U.S. Patent Application Serial No. 07/740,004, filed 
August 2, 1991, entitled "Two Dimensional Scanner- 
Amplifier Laser" and assigned to the assignee of the 
present invention. 

[0040] Other wavelengths could be used as desired, 
since absorption and transmission in the eye is a matter 
of degree. Thus, less transmissive wavelengths can be 
used for procedures at or near the front of the eye, such 
as the cornea. In general, acceptable wavelengths in- 
clude the ranges of about 400 nm to about 1900 nm, 
about 2.1 jam to about 2.8 [im, and longer than about 
3.1 jam. 

[0041] Because of the preferred transmissivity of the 
laser beam, and the requirement that a threshold energy 
density be achieved to ignite ablation, the interaction 
"point" (it is actually a generally planar region) of the la- 
ser beam can be focused quite tightly. FIGURE 5 is a 
diagram showing the interaction point P of a laser beam. 
The portion of the beam above and below the interaction 
point P lacks sufficient energy density to ignite photoab- 
lation. Hence, those portions of the laser beam pass 
through the surrounding tissue without causing dam- 
age. Where the beam is focused most tightly (i.e., the 
focal point), the energy density is sufficient to initiate ab- 
lation. 

Size of the Laser Interaction Point 

[0042] Another way to reduce the shock to the eye is 
by using a smaller beam area at the interaction point to 
reduce the integrated recoil forces. Consequently, the 
laser beam cross-sectional area of the invention at the 
interaction point is preferably about 10^m in diameter. ' 
The preferred beam size of the invention contrasts with 
current excimer laser surgical systems, which subject 
an ablation zone to a surgical beam that is typically 4-6 
mm in diameter. 

[0043] The beam diameter can be varied to any toler- 
ably achievable smaller or larger dimension, as required 
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by the particular type of surgery. In particular, a range 
of about 1 urn to about 30 |im is preferred. 

The Inventive Apparatus 

[0044] Each laser pulse of the type described above 
is preferably directed to its intended location in or on the 
eye through a laser beam control means, such as the 
type described in the co-pending, commonly-owned U. 
S. Patent Application Serial No. 07/788,424. FIGURE 6 
shows a block diagram of such a laser and control sys- 
tem. 

[0045] More particularly, FIGURE 6 shows a laser unit 
1 00 for generating an initial laser beam B. The laser unit 
100 is of the type that can outputs a beam rapidly de- 
flectable or scannable under electronic control in two di- 
mensions to any location in an area defined by orthog- 
onal X and Y axes. One such laser unit is described in 
detail in the co-pending, commonly-owned patent appli- 
cation for invention entitled 'Two Dimensional Scanner- 
Amplifier Laser" (U.S. Patent Application Serial No. 
07/740,004), which is hereby incorporated by reference. 
[0046] The initial laser beam B comprises a sequence 
of laser pulses having a pulse repetition rate of about 
100 to 100,000 pulses per second. The actual number 
of laser pulses used for a surgery is determined by the 
amount of tissue to be removed. 
[0047] In a preferred embodiment, the laser unit 100 
includes a seed laser 1 02 and a scanner-amplifier laser 
104. Preferably, the laser media in both the seed laser 
102 and the scanner-amplifier 104 is a Ti:AI 2 0 3 solid 
state laser crystal. 

[0048] After emerging from the laser unit 100, the la- 
ser beam B passes through a computer-controllable, 
motorized zoom lens 106, which provides control over 
the diameter of the laser beam B. In practice, the zoom 
lens 1 06 may be placed in a number of suitable positions 
along the optical path of the laser beam between the 
laser unit 100 and a target. The motor actuation of the 
zoom lens 106 may be by any known means, such as 
electrical gear drives or piezoelectric actuators. 
[0049] While the laser beam B could be used directly 
for surgical purposes, in the preferred embodiment, the 
entire surgical laser apparatus includes a number of 
control and safety systems. In particular, the present in- 
vention includes means for monitoring and controlling 
the intensity of the beam, means for blocking the surgi- 
cal beam in the event of a malfunction, means for mon- 
itoring and controlling the laser beam diameter and in- 
tensity profile, and means for verifying the two-dimen- 
sional (X-Y) scan position of the surgical beam. 
[0050] Referring again to FIGURE 6, the laser beam 
B passes through a beam intensity controller 112, the 
output of which is the surgical laser beam S. The beam 
intensity controller 112 permits regulation of the energy 
of each laser pulse so that the etch depth of each pulse 
may be precisely controlled. In the preferred embodi- 
ment, the beam intensity controller 1 1 2 is an electro-op- 



tical filter, such as an electrically activated Pockels cell 
in combination with an adjacent polarizing filter. 
[0051] In the preferred embodiment, the beam inten- 
sity controller 112 is coupled to a computer control unit 

5 114, which is suitably programmed to vary the intensity 
of the output surgical laser beam S as required for a par- 
ticular surgical procedure. The degree of beam retarda- 
tion as a function of applied electrical signal can be as- 
certained by standard calibration techniques. The pre- 

10 ferred location of the beam intensity control unit 112 is 
as shown in FIGURE 6. However, the beam intensity 
control unit 112 can be placed at several suitable loca- 
tions in the beam path between the laser unit 100 and 
a target. In the preferred embodiment, the intensity of 

15 the surgical beam S is regulated to have an ablation en- 
ergy density of less than or equal to about 5 |iJ/(1 0|im) 2 . 
[0052] The present invention optionally provides for 
positive feed-back measurement of the beam intensity. 
A partially transmissive beam-splitting mirror 116 is 

20 placed after the beam intensity controller 112, and the 
reflected beam R t is directed to a beam intensity sensor 
118. The beam intensity sensor 118 may be simply a 
photocell, although other elements, such as focussing 
optics, may be included. By monitoring the electrical out- 

25 put of the beam intensity sensor 1 1 8 with the computer 
control unit 114, the intensity of the surgical laser beam 
S can be positively measured to verify the proper oper- 
ation of the beam intensity controller 1 1 2. The output of 
the beam intensity sensor 118 as a function of intensity 

30 of the surgical laser beam S can be ascertained by 
standard calibration techniques. 
[0053] The inventive system also preferably includes 
a safety shutter 120, which is coupled to the computer 
control unit 114. The safety shutter 120 may be, for ex- 

35 ample, a mechanically-actuated shutter operated in a 
"fail-safe" mode. For example, the safety shutter 120 
may include a sofenoid-actuated shield that is positively 
held open by application of electrical energy to the so- 
lenoid. Upon command of the computer control unit 1 1 4, 

40 or failure of the entire system, electrical energy to the 
solenoid is cut off, causing the solenoid to retract the 
shield into position to block the path of the surgical laser 
beam S. The safety shutter 120 is also useful for tem- 
porarily blocking the laser beam S while changing the 

15 position of the patient's eye or of the beam itself, without 
turning the laser beam S completely off. 
[0054] In an alternative embodiment, the safety shut- 
ter 1 20 may include a Pockels cell and polarizer config- 
ured as a light valve, with the Pockels cell biased with 

50 respect to the polarizer by application of an electrical 
voltage such that maximum light is normally transmitted 
by the combination. Cessation of the applied voltage will 
cause the output of the Pockels cell to become polarized 
orthogonal to the transmission direction of the polarizer, 

55 hence blocking the surgical laser beam S. Using this al- 
ternative configuration, the safety shutter 120 and the 
beam intensity controller 112 may be combined into a 
single unit. 
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[0055] Any other suitable means for quickly blocking 
the surgical laser beam S on command or in the event 
of system failure may be used to implement the safety 
shutter 120. In practice, the safety shutter 120 may be 
placed in a number of suitable positions along the optical 
path of the laser beam between the laser unit 100 and 
a target. 

[0056] To control beam diameter, the inventive sys- 
tem provides a partially transmissive beam-splitting mir- 
ror 122 that reflects part of the beam R d to a beam di- 
ameter sensor 124. In practice, the beam diameter sen- 
sor 1 24 may be placed in a number of suitable positions 
along the optical path of the laser beam between the 
laser unit 100 and a target. The beam diameter sensor 
124 preferably includes at least a diverging (concave) 
lens and a converging (convex) lens configured as a 
magnifying telescope (i.e., the two lenses have a com- 
mon focal point, with the focal length f 2 of the converging 
lens being greater than the focal length f 1 of the diverg- 
ing lens, and having optical centers aligned with the in- 
cident laser beam in its un-deflected position). The inci- 
dent beam R d enters the diverging lens and exits the 
converging lens. Such a configuration of lenses, while 
enlarging the incident beam, will also reduce the scan 
angle of the exiting beam. 

[0057] The resulting enlarged beam is directed to a 
high sensitivity, low contrast imaging device, such as a 
charge-coupled device (CCD) camera. The converging 
and diverging lenses are chosen to expand the incident 
beam R d so that the largest possible diameter for the 
beam just fits within the imaging device. In the preferred 
embodiment, the size of the beam is determined by pe- 
riodically addressing a central row and a central column 
of the imaging device and counting the number of pixels 
on each sampled axis that have been illuminated. By 
comparing the diameter of the beam in both the X and 
Y directions, the beam diameter sensor can determine 
whether the incident laser beam B is approximately cir- 
cular and has the desired diameter. 
[0058] The beam diameter sensor 124 can also be 
used to determine the intensity profile of the laser puls- 
es, since each pixel in the beam diameter sensor 124 
can generate an output indicative of the intensity of light 
incident to the pixel. By comparing pixel values from ra- 
dially symmetric points in the pixel array, it can be de- 
termined if an incident laser pulse or series of pulses 
has the desired radially symmetric intensity profile, or if 
the pulses have developed "hot spots" of out-range in- 
tensity values. 

[0059] The output of the beam diameter sensor 124 
is coupled to the computer control unit 1 1 4. The compu- 
ter control unit 114 is in turn coupled to the motorized 
zoom lens 1 06, which provides control over the diameter 
of the laser beam B. The computer control unit 114 is 
suitably programmed to vary the diameter of the laser 
beam as required for a particular surgical procedure. 
The output of the beam diameter sensor 124 as a func- 
tion of beam diameter can be ascertained by standard 



calibration techniques. 

[0060] This configuration provides positive feed-back 
of the beam diameter emanating from the laser unit 1 00. 
If the beam diameter sensor 1 24 detects an out-of-range 
5 beam (either diameter or intensity profile), the computer 
control unit 114 can take appropriate action, including 
activation of the safety shutter 120. 
[0061] To verify the X-Y scan position of the laser 
beam, the inventive system provides a partially trans- 
10 missive beam-splitting mirror 1 26 that reflects part of the 
beam energy R, to a beam location sensor 128. The 
beam location sensor 128 preferably includes at least a 
converging (convex) lens and a diverging (concave) 
lens configured as a reducing telescope (i.e., the two 
15 lenses have a common focal point, with the focal length 
f 2 of the diverging lens being greater than the focal 
length f ^ of the converging lens, and having optical cent- 
ers aligned with the incident laser beam in its undetect- 
ed position). The incident beam R, enters the converging 

20 lens and exits the diverging lens. Such a configuration 
of lenses, white reducing the incident beam, will also in- 
crease the scan angle of the exiting beam. 
[0062] The resulting increased-scan angle beam is di- 
rected to a silicon photo-detector, such as the position 

25 sensing detector, model DLS-20 manufactured by UDT 
Sensors, Inc. of Hawthorne, CA. The photo-detector 
provides a voltage reading with respect to the two-di- 
mensional (X-Y) position of an illuminating spot at the 
detector surface. The output of the beam location sen- 

30 sor 1 28 is coupled to the computer control unit 114. Cal- 
ibration of the voltage reading generated from the un- 
deflected incident beam position on the photo-detector 
will indicate the origin of the laser beam in the XY-scan 
plane. Any deflection of the beam from the origin will 

35 generate voltage readings indicative of the spot on the 
photo-detector surface illuminated by the laser beam. 
These voltage readings are calibrated against the indi- 
cated location of the surgical beam as set by the com- 
puter control unit 114. During operation, the output of 

^o the beam location sensor 128 would be sampled peri- 
odically (for example, about 1,000 times per second) 
and compared to a prepared calibration table in the com- 
puter control unit 114 to determine if the actual beam 
position matches the indicated position. 

45 [0063] This configuration provides positive feed-back 
of the beam position emanating from the laser unit 100. 
If the beam location sensor 128 detects an out-of-posi- 
tion beam, the computer control unit 114 can take ap- 
propriate action, including activation of the safety shut- 

50 ter120. 

[0064] Thus, the preferred embodiment of the inven- 
tive surgical laser apparatus provides for safe and ef- 
fective surgery by continuously monitoring all aspects 
of the condition of the surgical laser beam S, including 
55 beam intensity, diameter, and X-Y scan position. 

[0065] In order to provide accurate positioning of the 
surgical laser beam S, an eye tracking system 130 is 
placed in the path of the surgical laser beam S, prefer- 
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line 609, an interrupted line 611, a curve of varying 
depth 613, a circular area 615, a square or parallel- 
epiped area 617, or a spiral 619. The invention en- 
compasses any combination of such excisions. 

As illustrated in FIGURE 8A, multiple radial cuts 
902, equal or partially equal in excision length and 
with an angular separation between cuts, can be 
made on the cornea with the present surgical sys- 
tem. An excision can be made by directing the sur- 
gical laser beam S to a predetermined location at 
the cornea, and removing the desired amount of tis- 
sue by controlling the laser beam energy dosage. 
The present invention provides options for making 
an excision with either a wide excision width by us- 
ing a larger beam spot size on the cornea surface, 
or a fine excision by using a more focussed beam 
spot. With the present invention, the depth of each 
cut can be varied over the length of a predetermined 
excision. 

The invention can also easily generate arcuate 
cuts or transverse cuts ("T-cuts"), as shown in FIG- 
URE 8B. By directing the surgical laser beam S to 
make a pair of opposing curved excisions 906 along 
an axis 908 relative to the center of the eye, the re- 
25 fractive power of eye is decreased along the axis. 
The exact length d and the location of the excision 
can vary according to the amount of desired correc- 
tion, in known fashion. 

In general, excisions in the cornea can be made 
30 at effective locations for performing radial keratoto- 
mies or making T-cuts or arcuate cuts, to correct 
myopia, hyperopia, or astigmatism (regular or irreg- 
ular). 

The inventive system can also be used for pro- 
35 . cedures in cornea transplants. A circumcision of the 
cornea in any predetermined shape (e.g., circular, 
elliptical, polygonal, etc.) can be performed on the 
donor eye and the recipient's eye. In both cases, a 
computer control unit 114 (see FIGURE 6), as de- 
40 scribed in the co-pending U.S. Patent Application 
Serial No. 07/788,424, calculates the beam location 
based on the particular shape excision and the 
amount of laser energy needed to cut through the 
cornea. 



ably in close proximity to a target eye. The eye tracking 
system 130 monitors movement of a patient's eye and 
adjusts the position of the surgical laser beam S to com- 
pensate. Such tracking may be accomplished by provid- 
ing fiducial marks on the eye and optically tracking 
movement of said fiducial marks. Deflectable mirrors 
may then be used to steer the surgical laser beam S. 
An example of one such system is described in co-pend- 
ing U.S. Patent Application Serial No. 07/788,424, 
which description is hereby incorporated by reference. 
[0066] In order to improve the ease of use of the 
present invention, and to ensure proper alignment of the 
surgical laser beam S with respect to a target eye, the 
present invention includes a guide beam unit 132. The 
guide beam unit 1 32 includes a low-power laser with an 
output of preferably less than 1 milliwatt at initial output 
and preferably attenuated to the microwatt level for safe 
usage for direct viewing. The low-power laser generates 
a guide beam which is conditioned optically so that it is 
aligned with the surgical laser beam S and can be used 
as a indicator of the location of the surgical laser beam 
S. Additionally, the guide beam can be used as an ele- 
ment for the alignment of a patient's eye in preparation 
for surgical procedures. 

Example Surgical Procedures 

[0067] The laser surgical system of the present inven- 
tion can perform numerous types of surgical procedures 
on the eye. Before the initiation of a surgical procedure, 
the focal point of the surgical laser beam S is placed a 
known reference location, preferably in the vicinity of the 
point of surgery. After adjustment of the target tissue lo- 
cation, such as by use of a guide beam, and at the sat- 
isfaction of the surgeon, the eye tracking system 130 is 
activated. Any eye movement thereafter will be compen- 
sated for by a corresponding automatic adjustment of 
the laser beam position. 

[0068] According to the prescription of the surgeon, 
the inventive system can perform any and all of the fol- 
lowing procedures: 

(1) The inventive system can easily create straight 
line and curved-line excisions, of any predeter- 
mined length and depth, at any location determined 45 
by a surgeon. 

FIGURE 7 illustrates some of the resulting ex- 
cisions which can be formed in the stroma 601 of 
an eye 600. The excisions shown in FIGURE 7 are 
merely intended to illustrate a limited number of ex- 50 
amples of the types of excisions that can be made 
using the invention, and are not intended to dem- 
onstrate any particular surgical procedure, or to im- 
ply that the illustrated excisions are the only rele- 
vant types of excisions that can be easily made in 55 
accordance with the present invention. The exci- 
sions illustrated in FIGURE 7 include a straight 
channel 603, a curved channel 605, a point 607, a 



(2) The second important type of laser-tissue inter- 
action provided by the inventive system is area ab- 
lation, which permits direct sculpting of the corneal 
surface. 

As illustrated in FIGURE 9A, a local scar or in- 
fected tissue can be removed with the present in- 
vention. The defective tissue is removed to a de- 
sired depth d over a predetermined area on the cor- 
nea. A donor cornea cap 1001 can be cut and ab- 
lated ("sculpted") to the desired dimension, curva- 
ture, and thickness using the invention described in 
co-pending U.S. Patent Application Serial No. 
07/788,424. The cap piece is then transferred to the 



17 



EP 1 402 860 A2 



18 



bared stroma bed and attached by suture, glue, or 
other appropriate means, in known fashion. The 
cap may be prepared in advance with an appropri- 
ate refractive power in a fashion similar to a contact 
lens. Such a cap can be used to change the refrac- 5 
tive power of the eye to correct myopia, hyperopia, 
or astigmatism (regular or irregular). 

Referring to FIGURE 9B, an alternative method 
is shown for performing a cornea transplant. Be- 
cause the surgical laser beam S can be focussed 10 
through overlying tissue to an interaction point P, 
the surgical laser beam S can be used to ablate a 
layer of tissue beneath the surface of the eye to cre- 
ate an interior chamber A. Accordingly, using such 
"interior excision" or "intrastromal ablation", a sec- '5 
tion or segment of the cornea can be "excavated" 
in this manner, and then a circumferential ablation 
cut around the perimeter of the area can be made 
so that the entire segment can be lifted away from 
the eye as a cap 1 002. If desired, the surgical laser 20 
beam S can be used to sculpt the back side of the 
material that will form the cap 1 002, so as to change 
the refractive characteristics of the cap 1002. The 
cap 1002 can then be cut loose from the eye. If de- 
sired, further sculpting can be done directly on the 25 
exposed bed of the eye. Thereafter, the cap 1002 
can be attached to the open ablated area by sutures 
or other known methods. 

Another use of the invention is to produce 
standard or custom sculpted cornea caps in ad- 30 
vance of need. The invention can be used on a do- 
nor cornea or a synthetic cornea substitute to ablate 
a desired profile to correct for myopia, hyperopia, 
or astigmatism. Such sculpted caps can then be at- 
tached to a properly prepared cornea, in known 35 
fashion. 

For myopia correction, as illustrated in FIGURE 
10, the curvature of the cornea can be reduced by 
selectively ablating the cornea such that more tis- 
sue is removed at the center portion C of the cornea, *o 
with a decreasing amount of tissue being removed 
towards the periphery P of the cornea. The inven- 
tive system can also be applied to ablate the corneal 
tissue near the surface of cornea. The new desired 
profile of the eye may include Bowman's membrane 45 
and part of the stromal layer, depending on the 
amount of refractive correction required. As de- 
scribed in co-pending U.S. Patent Application Serial 
No. 07/788,424, the computer control unit 114 pro- 
vides for the sequence, location, and intensity of la- 50 
ser pulses to be deposited. The deposition pattern 
is preferably in accordance with the patterns dis- 
cussed in the section "Method of Depositing Laser 
Pulses" within the co-pending application. 

Another method for correcting myopia or hyper- 55 
opia is to use the "interior excision" technique de- 
scribed above with respect to FIGURE 9B. Refer- 
ring to FIGURE 12, correction of myopia may be 



performed by ablating material under the central 
portion C of the cornea. Depending on the amount 
of correction in the refractive power, the ablation 
gradient for the removed tissue varies. As the ma- 
terial overlying the chamber 1200 relaxes, it will 
reattach to the bottom of the chamber, thus chang- 
ing the curvature of the eye. 

For hyperopia correction, as illustrated in FIG- 
URE 11, the objective is to increase the curvature 
of the eye. Cornea tissue is removed in an annular 
ring that is shallow near the center portion C of the 
cornea and increases in thickness towards the pe- 
riphery P of the cornea. The depth of the removed 
tissue again decreases near the periphery of the 
eye for a smooth transition. Depending on the 
amount of correction in the refractive power, the 
etch gradient for the removed tissue varies. The 
size of the usable central region R varies depending 
on the amount of hyperopic correction. 

Referring to FIGURE 13A, hyperopia can also 
be corrected by ablating an annular chamber 1301 
beneath the surface of the eye centered approxi- 
mately on the center portion C of the cornea. De- 
pending on the amount of correction in the refractive 
power, the ablation gradient for the removed tissue 
varies. After ablation of the chamber 1301, a cir- 
cumferential excision 1 302 is made around the bot- 
tom rim of the annular chamber 1301 to free an 
edge of the outer portion of the annular chamber 
1301 from attachment to the eye, thereby creating 
a flap 1 303. Generally, the flap 1 303 will relax to the 
bottom of the chamber, thus changing the curvature 
of the eye. However, if the flap 1303 is not thin 
enough to so relax, small perimeter radial cuts 1 304 
(shown in FIGURE 13B) may be made in the edge 
of the flap 1303 to further relax the flap and cause 
it to adhere to the bottom of the chamber 1301 
formed by the interior excision. 

In addition to the above methods for correction 
of myopia and .hyperopia, the invention may be 
used to correct regular or irregular astigmatism, or 
complex refractive errors. The amount and distribu- 
tion of tissue to be removed from various locations 
within the stroma is determined by the amount of 
correction required. 

The invention is particularly useful for the cor- 
rection of asymmetric refractive errors. Irregular 
distortions may result from poor matching of a cor- 
nea from a transplant, uneven suturing, or from im- 
perfect refractive surgical procedures such as la- 
mellar keratomileusis or epikeratophakia. The in- 
ventive system can direct the surgical laser beam 
to any desired location to sculpt the cornea accord- 
ing to a predetermined shape. The surgical laser 
beam thus can be applied to smooth out an irregular 
corneal profile. 

(3) The third important type of laser interaction pro- 
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vided by the inventive system is intraocular exci- 
sions. The invention can be used to excise or pho- 
toablate regions within the cornea, capsule, lens, 
vitreoretinal membrane, and other structures within 
the eye. 

[0069] For example, the present invention is useful for 
performing surgical procedures to correct glaucoma by 
creating a one or more openings through an iris to re- 
lease fluids from the posterior chamber which create un- 
desirable pressure behind the cornea. In addition, one 
or more excisions may be created in the posterior or an- 
terior capsule to permit removal of material from the cap- 
sule and to implant an intraocular lens (IOL) or any other 
lens-like material or structure which can be in fluid or gel 
form. By directing the laser focus at the lens of the eye, 
a cataractal lens can be ablated and liquified. Thus, the 
inventive procedure can be used prior to an IOL implant 
for cataract conditioning. Furthermore, portions of the 
retinal membrane which create tension on the retina 
may be cut to relieve such tension. Also, portions of the 
retina may be operated upon to remove harmful tissue. 
Accordingly, the invention precisely controls and deter- 
mines the location of the interaction point of a surgical 
laser beam, and controls the shape of the cornea during 
ophthalmic surgery. 

Additional Embodiment 

[0070] Another embodiment of a ophthalmic surgical 
laser system which can be adapted for use with the 
present invention to provide for precisely controlling and 
determining the location of the interaction point of a sur- 
gical laser beam, and for controlling the shape of the 
cornea during ophthalmic surgery, is set forth in co- 
pending U.S. Patent Application No. 07/967,253, enti- 
tled "METHOD AND APPARATUS FOR OPHTHALMIC 
SURGERY" and assigned to the assignee of the present 
invention. In that embodiment, a transparent applanator 
plate is placed in contact with the cornea of a patient's 
eye. The applanator plate creates a fixed positional 
frame of reference from which a laser beam control sys- 
tem can determine the desired point or points at which 
to focus the surgical laser beam, and thereby direct an 
interaction point of the beam to very precisely defined 
locations within the patient's eye. The surface of the ap- 
planator plate in contact with the patient's eye can be 
planar, concave, or convex, with either a spheric or as- 
pheric curvature, a compound curve, or any other shape 
chosen by the surgeon. Applying the applanator plate 
to the cornea of the patient's eye causes the cornea to 
conform to the shape of the applanator plate. 
[0071 ] For example, FIGURE 1 4A shows a cross-sec- 
tional side view of a convex applanator plate 111. The 
applanator plate 1 1 1 has at least two surfaces, a tip sur- 
face 112 and a corneal surface 113. The applanator 
plate 1 1 1 is placed in contact with the corneal epithelium 
115 and deforms the cornea to conform to the convex 



shape of the corneal surface 113. As another example, 
FIGURE 14B shows a cross-sectional side view of a 
concave applanator plate 1 1 1 applied to an eye. The ap- 
planator plate 111 is placed in contact with the corneal 

5 epithelium 115 and deforms the cornea to conform to 
the concave shape of the corneal surface 113. 
[0072] A surgical tip at the distal end of an articulated 
arm having flexible joints is placed in contact with the 
tip surface 112 of the applanator plate 111 and follows 

10 any motion of the patient's eye. The articulated arm is 
coupled to a surgical laser source including a laser 
beam control system, such as the system described in 
co-pending patent applications filed by the present in- 
ventor for inventions entitled "Two Dimensional Scan- 

15 ner-Amplifier Laser" (U.S. Patent Application Serial No. 
07/740,004), and "Method of, and Apparatus for, Sur- 
gery of the Cornea" (U.S. Application Serial No. 
07/788,424). The surgical laser source also includes the 
source of the laser beam. The articulated arm directs 

20 the laser beam to the surgical tip, translating the motion 
of the beam relative to a reference frame fixed to the 
surgical laser source to a reference frame fixed with re- 
spect to the applanator plate to which the surgical tip is 
in contact. Since the shape of the cornea conforms to 

25 the contour of corneal surface 113 of the applanator 
plate 111 , incisions of various shapes can be made by 
selecting an appropriate applanator plate and control- 
ling the surgical beam to move linearly with respect to 
the fixed frame by the applanator plate. 

30 [0073] The applanator plate 111 also provides a 
means to control the contour of the index of refraction 
boundary between the corneal epithelium 1 1 5 of the pa- 
tient's eye and the air. Controlling the contour of this 
boundary reduces the distortion of the surgical laser 

35 beam which would otherwise be present due to the cur- 
vature of the outer surface of the epithelium and the dif- 
ference in the index of refraction between the air and 
the stroma underlying the epithelium. The index of re- 
fraction of the applanator plate is preferably closely 

40 matched to the index of refraction of the cornea (i.e., 
index of approximately 1 .38). The tip surface 1 12 of the 
applanator plate 111 is selectively shaped to provide a 
desirable contour at the boundary between the index of 
refraction of the stroma and air. 

45 [0074] Thus, the applanator plate 111 serves at least 
three purposes: (1) to provide a positional reference for 
a surgical laser; (2) to control the shape of the patient's 
cornea during a surgical laser procedure; and (3) to pro- 
vide a boundary between the epithelium and air, the con- 

50 tour of which can be controlled to reduce the distortion 
of the surgical laser beam. When used with the present 
invention, the applanator plate 1 1 1 provides even great- 
er control of tissue removal. 

55 Summary 

[0075] In summary, the preferred method of perform- 
ing a surface ablation of cornea tissue or other organic 
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materials uses a laser source which has the character- 
istics of providing a shallow ablation depth or region 
(about 0.2 |im to about 5.0 p), a low ablation energy 
density threshold (about 0.2 to 5 uJ/(10nm) 2 , and ex- 
tremely short laser pulses (having a duration of about 
0.01 picoseconds to about 2 picoseconds per pulse) to 
achieve precise control of tissue removal. The laser 
beam cross-sectional area is preferably about 10 jam in 
diameter. The preferred laser system includes a broad 
gain bandwidth laser, such asTi 3 AI 2 0 3f Cr:LiSrAIF 6 , Nd: 
YLF, or similar lasers, with a preferred wavelength range 
of about 400 nm to about 1900 nm, which is generally 
transmissive in eye tissue. 

[0076] Various surgical procedures can be performed 
to correct refractive errors or to treat eye diseases. The 
surgical beam can be directed to remove cornea tissue 
in a predetermined amount and at a predetermined lo- 
cation such that the cumulative effect is to remove de- 
fective or non-defective tissue, or to change the curva- 
ture of the cornea to achieve improved visual acuity. Ex- 
cisions on the cornea can be make in any predetermined 
length and depth, and in straight line or in curved pat- 
terns. Alternatively, circumcisions of tissue can be made 
to remove an extended area, as in a cornea transplant. 
The invention can be used to excise or photoablate re- 
gions within the cornea, capsule, lens, vitreoretinal 
membrane, and other structures within the eye. 
[0077] The present invention provides an improved 
method of eye surgery which has accurate control of tis- 
sue removal, flexibility of ablating tissue at any desired 
location with predetermined ablation depth, an optically 
smooth finished surface after the surgery, and a gentle 
surgical beam for laser ablation action. 
[0078] A number of embodiments of the present in- 
vention have been described. Nevertheless, it will be un- 
derstood that various modifications may be made with- 
out departing from the spirit and scope of the invention. 
Accordingly, it is to be understood that the invention is 
not to be limited by the specific illustrated embodiment, 
but only by the scope of the appended claims. 



Claims 

1. A pulsed laser apparatus for providing controlled 
ablation of organic material in an object at a select- 
ed ablation point of interaction by means of gener- 
ated laser pulses, the apparatus including a laser 
for emitting a beam of pulses having a duration in a 
range of about 0.01 picoseconds to about 2 pico- 
seconds, and the apparatus being characterized 
by an applanating device in contact with the object 
providing a positional frame of reference for the la- 
ser beam thereby determining an ablation point of 
interaction within the object. 

2. The apparatus of claim 1, wherein the applanating 
device is a plate, one surface of the plate in contact 



with the ablated object having a shape which can 
be selected from the list: (a) planar, (b) concave, or 
(c) convex, in surface curvature. 

5 3. The apparatus of claim 1 or 2, wherein the appla- 
nating plate provides a means of modifying the con- 
tour of index of refraction surface of the object. 

4. The apparatus of claim 1 , 2 or 3, wherein the laser 
10 beam is focused at the ablation point of interaction. 

5. The apparatus of any one of claims 1 to 4, wherein 
the apparatus comprises a surgical tip and an artic- 
ulated arm, the articulated arm is coupled to the la- 
's ser and directs the laser beam to the surgical tip, 

translating the laser beam relative to the frame of 
reference provided by the applanating device. 

6. A pulsed laser apparatus for providing controlled 
20 ablation of organic material at a point of interaction 

by means of generated laser pulses, wherein the 
apparatus includes a laser emitting pulses having a 
duration in the range of about 0.01 picoseconds to 
about 2 picoseconds. 

25 

7. The pulsed laser apparatus of claim 6 wherein the 
apparatus includes a laser emitting pulses having 
an energy density at the point of interaction in the 
material of less 20 uJ/(10fim) 2 . 

30 

8. The pulsed laser apparatus of Claim 6 wherein the 
apparatus includes a laser emitting pulses having a 
wavelength transmissive in eye tissue. 

35 9. The pulsed laser apparatus of Claim 8 wherein the 
wavelength is in one of the ranges of about 400 nm 
to about 1900 nm, about 2.1 jim to about 2.8 (am, 
or longer than about 3.1 |im. 

^0 10. The pulsed laser apparatus of Claim 9 wherein the 
wavelength is about 830 nm. 

1 1 . The pulsed laser apparatus of Claim 6 wherein the 
laser emits up to approximately 1 00,000 pulses per 

45 second. 

12. The pulsed laser apparatus of Claim 6 wherein the 
lasing medium of the pulsed laser apparatus is a 
broad gain bandwidth laser. 

50 

13. The pulsed laser apparatus of Claim 1 2 wherein 
the lasing medium of the pulsed laser apparatus is 
selected from one of Ti 3 AI 2 0 3 , Cr:LiSrAIF 6 , and Nd: 
YLF. 

55 

14. The pulsed laser apparatus of Claim 6 further in- 
cluding means for focusing the laser pulses at a se- 
lected interaction point in the material. 
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1 5. The pulsed laser apparatus of Claim 1 4 wherein the 
selected interaction point has a diameter in the 
range of about 1 u.m to about 30 u.m. 

16. The pulsed laser apparatus of Claim 6 further in- 5 
eluding means for positioning the laser pulses with- 
in a selected portion of the material. 

17. The pulsed laser apparatus of Claim 6 further in- 
cluding means for determining the position of the 10 
laser pulses within the material. 

18. The pulsed laser apparatus of Claim 6 further in- 
cluding means for controlling the diameter of the la- 
ser pulses. 15 

19 : The pulsed laser apparatus of Claim 6, further in- 
cluding means for determining the diameter of the 
laser pulses. 

20 

20. The pulsed laser apparatus of Claim 6 further in- 
cluding means for controlling the intensity of the la- 
ser pulses. 

21. The pulsed laser apparatus of Claim 6 further in- 25 
eluding means for determining the intensity of the 
laser pulses. 

22. The pulsed laser apparatus of Claim 6 further in- 
cluding means for controllably blocking the laser 30 
pulses from the material. 

23. A pulsed laser apparatus for providing optically 
smooth ablation of eye tissue from generated laser 
pulses, wherein the apparatus includes a laser 35 
emitting pulses having a duration in the range of 
about 0.01 picoseconds to about 2 picoseconds. 

24. The pulsed laser apparatus of Claim 23 further in- 
cluding: 40 

(1 ) means for positioning the laser pulses within 
a selected region of the eye tissue; 

(2) means for controlling the diameter of the la- 
ser pulses; 45 

(3) means for controlling the intensity of the la- 
ser pulses. 

25. The pulsed laser apparatus of Claim 23 further in- 
cluding means for controllably blocking the laser 50 
pulses from the eye tissue. 



27. The pulsed laser apparatus of Claim 23 wherein the 
laser pulses have an undetected position, further 
including means for biasing the alignment of the un- 
detected position of the laser pulse with respect to 
the eye by tracking movement of the eye. 

28. A method for providing controlled ablation of organ- 
ic material at a point of interaction by the steps of: 

(1 ) generating laser pulses having a duration in 
the range of about 0.01 picoseconds to about 
2 picoseconds; 

(2) applying the laser pulses to ablate organic 
material. 

29. The method of Claim 28 wherein the laser pulses 
have an energy density at the point of interaction in 
the material of less 20 uJ/(10um) 2 . 

30. The method of Claim 28 wherein the laser pulses 
have a wavelength transmissive in eye tissue. 

31 . The method of Claim 3 0 wherein the wavelength is 
in one of the ranges of about 400 nm to about 1 900 
nm, about 2.1 urn to about 2.8 \im, or longer than 
about 3.1 jim. 

32. The method of Claim 31 wherein the wavelength is 
about 830 nm. 

33. The method of Claim 2 8 wherein the laser emits up 
to approximately 100,000 pulses per second. 

34. The method of Claim 28 wherein the laser pulses 
are generated by a broad gain bandwidth laser. 

35. The method of Claim 34 wherein the laser pulses 
are generated by a lasing medium selected from 
one of Ti 3 AI 2 0 3 , Cr:LiSrAIF 6 , and Nd:YLF. 

36. The method of Claim 28 including the further step 
of focusing the laser pulses at a selected interaction 
point in the material. 

37. The method of Claim 36 wherein the selected inter- 
action point has a diameter in the range of about 1 
jim to about 30 urn. 

38. The method of Claim 28 including the further step 
of positioning the laser pulses within a selected por- 
tion of the material. 



26. The pulsed laser apparatus of Claim 23 wherein the 
laser pulses have an undeflected position, and fur- 
ther including means for generating a visible guide 55 
beam coaxial with the undeflected position of the 
laser pulses, for aligning the laser pulses on an eye. 



39. The method of Claim 2 8 including the further step 
of determining the position of the laser pulses within 
the material. 

40. The method of Claim 28 including the further step 
of controlling the diameter of the laser pulses. 
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41 . The method of claim 28 including the further step of 
determining the diameter of the laser pulses. 

42. The method of Claim 28 including the further step 
of controlling the intensity of the laser pulses. 

43. The method of Claim 28 including the further step 
of determining the intensity of the laser pulses. 

44. The method of Claim 28 including the further step 
of controllably blocking the laser pulses from the 
material. 

45. A method for providing optically smooth ablation of 
eye tissue by the steps of: 

(1 ) generating laser pulses having a duration in 
the range of about 0.01 picoseconds to about 
2 picoseconds; 

(2) applying the laser pulses to ablate eye tis- 
sue. 

46. The method of Claim 45further including the steps 
of: 

(1) positioning the iaser pulses within a select- 
ed region of the eye tissue; 

(2) controlling the diameter of the laser pulses; 

(3) controlling the intensity of the laser pulses. 

47. The method of Claim 45 including the further step 
of controllably blocking the laser pulses from the 
eye tissue. 

48. The method of Claim 45 wherein the laser pulses 
have an undeflected position, and further including 
the step of generating a visible guide beam coaxial 
with the undeflected position of the laser pulses for 
aligning the laser pulses on an eye. 

49. The method of Claim 45 wherein the laser pulses 
have an undeflected position, further including the 
step of biasing the alignment of the undeflected po- 
sition of the laser pulse with respect to the eye by 
tracking movement of the eye. 

50. The method of Claim 45 including the further step 
of using the laser pulses to make excisions on the 
exterior of the eye. 

51. The method of Claim 45 including the further step 
of using the laser pulses to make excisions within 
the interior of the eye. 

52. The method of Claim 45 including the further step 
of performing an ophthaimic surgical procedure for 
correcting myopia using the generated laser pulses, 
wherein the ophthalmic surgical procedure com- 



prises the step of using the laser pulses to ablate 
an interior chamber beneath the central surface of 
the eye. 

5 53. The method of Claim 45 including the further step 
of performing an ophthalmic surgical procedure for 
correcting hyperopia using the generated laser 
pulses, wherein the ophthalmic surgical procedure 
comprises the steps of: 

10 

(1) using the laser pulses to ablate an interior 
annular chamber beneath the central surface 
of the eye; 

(2) using the laser pulses to make an annular 
'5 excision near the periphery of the annular 

chamber to free an edge of the outer portion of 
the annular chamber from attachment to the 
eye. 

20 54. The method of Claim 53 wherein the ophthalmic 
surgical procedure comprises the further step of 
making perimeter radial cuts in the edge of the outer 
portion of the annular chamber. 

25 55. The method of Claim 45 including the further step 
of performing an ophthalmic surgical procedure us- 
ing the generated laser pulses, wherein the ophthal- 
mic surgical procedure is selected from the group 
consisting of: 

30 

(1) radial keratotomy; 

(2) creating transverse cuts in the cornea; 

(3) creating straight line excisions in the cor- 
nea; 

35 (4) creating curved-line excisions in the cornea; 

(5) creating multiple radial cuts, equal or par- 
tially equal in excision length and with an angu- 
lar separation between cuts, made on the cor- 
nea; 

4 o (6) creating a curved channel excision in the 

cornea; 

(7) creating a point excision in the cornea; 

(8) creating an interrupted line excision in the 
cornea; 

4 5 (9) creating a curved excision of varying depth 

in the cornea; 

(10) removing a geometric area from the cor- 
nea; 

(11) creating a spiral excision in the cornea; 
50 (12) creating holes in the posterior capsule of 

the eye; 

(13) creating holes in the anterior capsule of the 
eye; 

(14) creating holes in the iris; 

55 (15) cutting vitreoretinal membranes; 

(16) producing sculpted cornea caps in ad- 
vance of need; 

(17) sculpting the cornea according to a prede- 
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termined shape; 

(18) removing cornea tissue in an annular ring 
around the center of the cornea; 

(19) removing cornea tissue such that more tis- 
sue is removed at the center portion of the cor- 
nea, with a decreasing amount of tissue being 
removed towards the periphery of the cornea; 
and 

(20) removing eye tissue. 

56. A pulsed laser apparatus for providing controlled 
ablation of organic material at a point of interaction 
by means of generated laser pulses, wherein the 
apparatus includes a laser emitting pulses having a 
duration sufficiently short to create an approximate- 
ly constant threshold power density for ablation of 
such organic material. 

57. A method for providing controlled ablation of organ- 
ic material at a point of interaction by the step of 
generating laser pulses having a duration sufficient- 
ly short to create an approximately constant thresh- 
old power density for ablation of such organic ma- 
terial. 

58. A method of modifying the refractive power of the 
eye by the steps of: 



depths, positioned at predetermined locations from 
the visual axis of the eye. 

64. The method of claim 58 further including the steps 
5 of: 

(1 ) applanating the cornea with an applanation 
plate such that (a) the location of the applanat- 
ing plate provides a fixed three dimensional ref- 
10 erence to the location of the laser beam, and 

(b) the shape of the cornea in contact with the 
applanation plate is conformed to a predeter- 
mined shape of the contact surface of the ap- 
planation plate; 
15 (2) locating an interaction point of the laser 

beam inside the eye using the applanation plate 
as a location reference; and 
(3)" ablating eye tissue of a predetermined 
shape. 

20 

65. The method of claim 64 wherein the predetermined 
shape can be any of a line, a geometric area, or a 
geometric volume. 

25 66. The method of claim 64 wherein the contact surface 
of the applanator plate can be any of piano, con- 
cave, or convex. 



15 



20 



(1) generating a laser beam comprising pulses 
having a duration in the range of about 0.01 pi- 30 
coseconds to about 2 picoseconds; 

(2) applying the laser beam to ablate cornea tis- 
sue. 



59. The method of claim 58 including the further step of 35 
removing a geometric volume of eye tissue inside 

the stroma or the Bowman's layer of the eye, there- 
by creating at least one cavity in the eye tissue. 

60. The method of claim 5 9 including the further step *o 
of performing incisions of the cornea such that the 
portion of cornea locating above such cavities re- 
laxes, collapsing the cavity such that the curvature 

of the eye at and near the optical axis of the eye is 
modified to attain a predetermined refractive power. 45 

61. The method of claim 60 wherein the incisions are 
performed with either a laser or a mechanical instru- 
ment. 

50 

62. The method of claim 61 wherein the incisions con- 
sist of arcuate cuts shaped as predetermined arc 
lengths having a radius of curvature, positioned at 
predetermined locations from the visual axis of the 
eye. 55 

63. The method of claim 61 wherein the incisions con- 
sist of radial cuts of predetermined lengths and 
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The Search Division considers (hat the present European patent application does not comply with the 
requirements of unity of invention and relates to several inventions or groups of inventions, namely: 

1. claims: 1-13, 23, 56 

A pulsed laser apparatus for providing controlled ablation 
of organic material at a point of interaction, which 
apparatus includes a laser for emitting pulses having a 
duration in the range of about 0.01 picoseconds to about 
about 2 picoseconds, furtermore including, inter alia, an 
applanating device. 



2. claims: 14-21, 24 

A pulsed laser apparatus for providing controlled ablation . 
of organic material at a point of interaction, which 
apparatus includes a laser for emitting pulses having a 
duration in the range of about 0.01 picoseconds to about 
about 2 picoseconds, furthermore including means for 
controlling and determining particular beam, parameters (i.e. 
diameter of the beam and the focus, beam position and 
intensity) . 



3. claims: 22, 25 

A pulsed laser apparatus for providing controlled ablation 
of organic material at a point of interaction, which 
apparatus includes a laser for emitting pulses having a 
duration in the range of about 0.01 picoseconds to about 
about 2 picoseconds, furthermore including means for 
control lably blocking the laser pulses. 



4. claims: 26, 27 

A pulsed laser apparatus for providing controlled ablation 
of organic material at a point of interaction, which 
apparatus includes a laser for emitting pulses having a 
duration in the range of about 0.01 picoseconds to about 
about 2 picoseconds, furthermore including a visible guide 
beam and means for biasing alignment of the laser pulse, 
respectively. 
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